BACKGROUND: Intrapulmonary vascular dilatations (IPVD) frequently are detected in patients with liver disease by the delayed appearance of microbubbles at contrast-enhanced echocardiography. IPVD with an elevated alveolar-arterial (A-a) gradient define hepatopulmonary syndrome (HPS); however, the importance of IPVD in the absence of abnormal gas exchange is unknown. We aimed to determine the clinical impact of IPVD in patients with liver disease.
Intrapulmonary vascular dilatations (IPVD), dilatations of the pulmonary precapillary and capillary vessels, are common in patients with advanced liver disease, with an estimated prevalence of 13% to 56%. [1] [2] [3] [4] [5] [6] [7] IPVD can lead to abnormal gas exchange and hypoxemia due to ventilation-perfusion mismatch, diffusion limitation, and anatomic shunting. 8 The triad of liver disease and/or portal hypertension, IPVD, and abnormal arterial oxygenation (defined as an elevated alveolar-arterial [A-a] gradient $ 15 mm Hg [or $ 20 mm Hg if age > 64 years]) defines hepatopulmonary syndrome (HPS), 9 which is associated with worse quality of life and an increased risk of death. 4 IPVD in the setting of portopulmonary hypertension (PPHTN) also may be associated with decreased survival. 10 Approximately one-half of patients with liver disease and IPVD, however, have normal gas exchange and do not meet diagnostic criteria for HPS. 1, 4 Despite IPVD being a commonly encountered entity, the clinical relevance and implications of isolated IPVD in the absence of gas exchange abnormalities have not been studied previously, to our knowledge. We aimed to determine the associated signs and symptoms and clinical impact of IPVD in a cohort of patients with liver disease and portal hypertension being evaluated for liver transplant (LT).
Methods

Study Sample
The Pulmonary Vascular Complications of Liver Disease 2 Study is a multicenter, prospective cohort study of adult patients with PPHTN or with portal hypertension undergoing evaluation for LT. The only inclusion criterion for cohort assembly was the presence of portal hypertension with or without intrinsic liver disease and undergoing an initial evaluation for LT. We excluded patients with active infection, recent gastrointestinal bleeding (< 2 weeks from date of evaluation), or a history of prior LT or lung transplant. The study sample for this analysis was drawn from 365 enrolled patients undergoing their first LT evaluation at the University of Pennsylvania, Mayo Clinic, and University of Texas at Houston between February 2013 and July 2016. We excluded patients with PPHTN, patients prescribed supplemental oxygen, or patients who failed to complete spirometric and/or arterial blood gas (ABG) sampling, both of which were required by the research protocol.
We excluded patients with obstructive or restrictive ventilatory defects (FEV 1 /FVC < 0.7 with FEV 1 < 80% predicted or FVC < 70% predicted, respectively), definite or indeterminate intracardiac shunting (as defined later), and HPS. As established by the European Respiratory Society Task Force on Pulmonary-Hepatic Vascular Disorders Scientific Committee, HPS was defined as (1) an A-a gradient $ 15 mm Hg (or A-a gradient $ 20 mm Hg if age > 64 years) and (2) late passage of contrast material at contrast-enhanced transthoracic echocardiography (defined later) in the absence of intracardiac shunting or a significant obstructive or restrictive ventilatory defect at spirometry. 8, 9 We performed a subset analysis in which we excluded patients with an A-a gradient $ 15 mm Hg (or $ 20 mm Hg if age > 64 years) from the control group without IPVD to compare patients with similar oxygenation (because patients with an elevated A-a gradient met criteria for HPS and were excluded from the IPVD group).
Study Procedures
Patients at an LT evaluation clinic were screened for eligibility at each study site. Informed consent was obtained from eligible patients, who then were scheduled for research assessment, which included a history and physical examination (including assessment of dyspnea), qualityof-life assessment with 36-Item Short Form Survey Instrument questionnaires, anthropometric tests, pulse oximetry, a 6-minute walk test, ABG sampling, a spirometric test, and contrast-enhanced echocardiography.
Clinical data were collected from the medical record and formal patient interviews. Clinical laboratory results obtained closest to the date of the study visit were recorded. Model for End-Stage Liver Disease (MELD) scores were calculated using the following formula:
.43, where "INR" indicates "international normalized ratio." Body surface area was calculated using the Du Bois and Du Bois formula. 11 An unencouraged 6-minute walk test was performed, 12 and quality of life was assessed using the 36-Item Short Form Survey Instrument questionnaire. The Modified Borg Dyspnea Scale was used to assess breathlessness before and after the 6-minute walk test. 13, 14 Pulse oximetry was performed using a standard professional grade oximeter (Datascope Accutorr Plus Vital Signs Monitor; Datascope Corp, Nonin Pulse Oximeter; Nonin Medical, Inc, Welch Allyn Masimo; Welch Allyn Medical Products, or Protocol Systems Quik Signs; Protocol Systems, Inc [now known as Welch Allen Protocol, Inc]) after the study participant maintained an upright posture for 5 minutes and then was repositioned supine for 5 minutes. ABG sampling was performed with the patient breathing ambient air in a seated position after 10 minutes of rest. The samples were processed in a blood gas analyzer after a 1-point calibration. The A-a gradient was calculated using the following formula:
where R is assumed to be 0.8, P atm was the barometric pressure measured in the city on the date of the study visit, P H20 is the partial pressure of water at body temperature. 15 Spirometry was performed according to American Thoracic SocietyEuropean Respiratory Society recommendations; a minimum of three efforts with no acceptability errors and at least two with repeatability according to American Thoracic Society-European Respiratory Society standards (FVC within 150 mL of largest, FEV 1 within 150 mL of largest, and peak flow within 15% of largest) were required. 16 Testing was continued until these criteria were met, a total of eight tests were performed, or the patient was unable to continue testing. Sex-, age-, and race-specific prediction equations were used to determine percent predicted based on spirometric reference values derived from the National Health and Nutrition Examination Survey III. 17 Contrast-enhanced echocardiography was performed by injecting agitated saline via a peripheral vein during imaging. The apical fourchamber view was the preferred window for image acquisition, although other views were used if the four-chamber view was chestjournal.org suboptimal or unavailable. At least 10 continuous cardiac cycles were captured, beginning immediately prior to contrast material injection, to allow accurate assessment of cardiac cycles to determine delay from injection of agitated saline until visualization of contrast material entering the left side of the heart. Identification of microbubbles in either the left atrium or left ventricle after $3 cardiac cycles was considered to indicate the presence of IPVD. IPVD severity was categorized as grade I (mild) if few microbubbles were visualized in the left side of the heart without appreciable change in density of the left ventricular cavity, grade II (moderate) if microbubbles were visualized in left side of the heart with less than 50% of comparable density in the right side of the heart, or grade III (severe) if microbubbles were visualized in the left side of the heart with $ 50% of comparable density in the right side of the heart. Patients with immediate (< 3 cycles) opacification of the left atrium or ventricle were presumed to have an intracardiac shunt. Doppler flow signal across the atrial septum was presumed to indicate an intracardiac shunt. The Echocardiography Core Laboratory at the Mayo Clinic evaluated all contrast-enhanced echocardiograms obtained at individual study sites, and readers interpreted the studies off-line and were blinded to clinical information.
Statistical Analysis
Categorical variables were summarized by frequencies and proportions, and continuous variables were summarized by means and SDs or medians and interquartile ranges (IQRs), as appropriate. 
Results
The study cohort included 365 patients (Fig 1) . Overall, 57% (n ¼ 209) of the cohort had IPVD. We excluded 93 patients with obstructive or restrictive ventilatory defects (of whom 54% [n ¼ 50] had IPVD), 76 patients with HPS, 18 patients with inadequate contrast-enhanced echocardiograms, and 29 patients with definite or indeterminate intracardiac shunting. All patients with PPHTN were excluded in these initial steps. The final study sample included 46 patients with IPVD and 81 patients without IPVD. The distribution of IPVD severity among patients with IPVD is depicted in Figure 2 .
Patient characteristics are summarized in Tables 1 and 2 IPVD were more likely to have autoimmune hepatitis and less likely to have cryptogenic cirrhosis and alcoholic cirrhosis. Patients with IPVD were significantly less likely to have hepatocellular carcinoma (HCC). They also had higher Child-Pugh scores and nonsignificantly higher MELD scores, suggesting more severe liver disease, but there was no difference between the groups in complications of liver disease (ascites, encephalopathy, or esophageal varices).
There was no significant difference between the groups in symptoms or physical examination characteristics. Patients with IPVD had a higher INR and serum bilirubin level and lower creatinine level. Counterintuitively, patients with IPVD had a higher PaO 2 level, a lower A-a gradient, and a lower PaCO 2 level, despite no difference in spirometric test results ( Table 2 ). The differences in PaO 2 level, A-a gradient, and PaCO 2 level persisted when patients with a pleural effusion at chest imaging (five patients with IPVD and nine patients without IPVD) were excluded from the analysis. Among patients with IPVD, there was no difference in oxygenation between patients with mild IPVD (n ¼ 39) vs those with moderate to severe IPVD (n ¼ 7) (Table 3) . Patients with and those without IPVD had similar echocardiographic parameters, 6-minute walk distance, and quality of life (Table 2 ).
We performed a subset analysis after excluding patients with an elevated A-a gradient in the group without IPVD (n ¼ 38). The associations between autoimmune hepatitis, HCC, and liver disease severity were similar. Patients with IPVD had significantly lower PaCO 2 levels, and there still appeared to be a higher PaO 2 level, which was no longer statistically significant (with a smaller sample size). There was possibly increased dyspnea in the IPVD group (23.9% vs 9.3%; P ¼ .09), and patients with IPVD in the subset analysis had a significantly higher cardiac output, cardiac index, left ventricular stroke volume, and left atrial volume (Tables 4, 5 ).
Discussion
In this study, we found that IPVD in the setting of normal gas exchange was common in patients being evaluated for LT and was associated with autoimmune hepatitis and laboratory markers of increased liver disease severity but was not associated with symptoms, exercise capacity, or quality of life. We also found that IPVD paradoxically was associated with a higher PaO 2 level, lower A-a gradient, and lower PaCO 2 level compared with those in the control subjects with liver disease without IPVD. To our knowledge, this is the first study to describe the manifestations of isolated IPVD in advanced liver disease in a prospective study and to demonstrate that IPVD are associated with specific patient factors. When we focused only on patients with normal gas exchange, we also found that patients with IPVD had a higher cardiac output, cardiac index, and left ventricular stroke volume, suggestive of a more hyperdynamic state, and may have had more dyspnea.
Patients with IPVD had increased liver disease severity as assessed by the Child-Pugh score and possibly the MELD score, with higher bilirubin and INR levels. This finding differs from those of a prior study that described similar MELD scores in patients with and those without IPVD. 18 However, this prior retrospective study included patients with HPS in the IPVD group and was limited to patients who underwent contrast-enhanced echocardiography for clinical suspicion of HPS. 18 In contrast, our study performed standardized echocardiography with blinded interpretation by a research core laboratory, thereby minimizing selection bias and measurement error.
Dyspnea is common in end-stage liver disease and can be multifactorial, related to cardiac or respiratory disease, ascites, or other causes. 19 We sought to determine whether IPVD alone were associated with clinical signs or symptoms, such as dyspnea. We excluded patients with obstructive or restrictive 10.9%
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Mild Moderate Severe Figure 2 -Distribution of intrapulmonary shunt severity among patients with intrapulmonary vascular dilatation: 39 patients (84.8%) had a mild degree of intrapulmonary shunting, five patients (10.9%) had moderate intrapulmonary shunting, and two patients (4.3%) had severe intrapulmonary shunting.
chestjournal.org ventilatory defects and PPHTN to minimize the impact of concomitant lung disease. We did not find an association between IPVD and symptoms in our main analysis, but our results may have been biased toward the null by including patients with gas exchange abnormalities in the control group but not in the IPVD group. In our subset analysis, there was a trend toward increased dyspnea in patients with IPVD, but this did We were surprised to find that patients with IPVD had a higher PaO 2 level and lower A-a gradient than did patients without IPVD. We were concerned that these differences were due to the nature of our exclusion criteria (ie, only excluding patients with an abnormal A-a gradient from the IPVD group because they met criteria for HPS), so we performed a subset analysis as described. Abnormal gas exchange was surprisingly common (46.9%; 38 of 81) in patients without IPVD, restrictive or obstructive lung disease, or PPHTN. The cause of abnormal gas exchange in these patients was not evident but could be related to atelectasis or pleural effusions. In our subset analysis, patients with IPVD still had a somewhat higher PaO 2 level and a significantly lower PaCO 2 level. The reasons for this are not clear, but differences in gas exchange may be related to increased hyperventilation in the IPVD group given the lower PaCO 2 level. Alternatively, the higher PaO 2 level in patients with IPVD may be related to the higher cardiac output observed in these patients. Assuming there was a stable arterial-venous oxygen difference, a higher cardiac output could lead to an increase in mixed venous oxygen saturation and PaO 2 level. 20 Mechanisms for the pathogenesis of IPVD in liver disease are not known. Given the possible association with hyperventilation and a hyperdynamic state, potential mechanisms include increasing levels of circulating vasodilatory factors, such as nitric oxide, 21 a greater pro-angiogenic milieu in the setting of advancing liver disease, or higher circulating levels of progesterone and sex hormones. Previous studies have described an association between higher progesterone and estradiol Data are presented as median (IQR). See Table 2 legend for expansion of abbreviations.
chestjournal.org levels and hyperventilation, as well as pulmonary vasodilatation, in patients with cirrhosis, 22, 23 thus supporting the hypothesis that sex hormones may play a role in IPVD pathogenesis. Given the higher prevalence of autoimmune hepatitis in patients with IPVD, it is also possible that immunologic pathways play an important role. Clinical studies and experimental models suggest that nitric oxide, endothelin-1, intravascular monocyte accumulation, altered estrogen signaling, and increased vascular endothelial growth factor-mediated angiogenesis are involved in the pathogenesis of HPS, but it is not known whether these same pathways play a role in the pathogenesis of IPVD. 9, 24, 25 We identified several important distinctions between IPVD and HPS. In contrast to our findings in patients with IPVD, HPS has not been associated with autoimmune hepatitis or higher bilirubin or INR levels. 4 HCC also was described recently as an independent risk factor for HPS, but we found that patients with IPVD were less likely to have HCC. 26 Our data suggest that IPVD may be a distinct entity from HPS, especially because gas exchange was better in patients with IPVD than in control subjects. Development of HPS in patients with IPVD may require a "second hit", such as impairment in ventilation-perfusion matching, 27 for the development of abnormal arterial oxygenation.
Our study had several limitations. First, a large proportion of the study sample had obstructive or restrictive lung disease, HPS, intracardiac shunting, or abnormal gas exchange, reflecting their high prevalence in this population of patients with advanced liver disease. We excluded these patients to prevent misclassification of our phenotypes of interest, but residual confounding was still possible. Our study also did not define the mechanism of IPVD pathogenesis in patients with liver disease, but future studies of genetic or plasma biomarker predictors of IPVD should be performed. Lastly, we did not have duplicate testing or longitudinal assessments to determine the clinical course of IPVD across time or the impact of IPVD on outcomes, such as mortality.
Conclusions
In summary, IPVD in patients with liver disease was associated with autoimmune hepatitis, laboratory markers of increased liver disease severity, a higher PaO 2 level, and a reduced PaCO 2 level. Our study results suggest that IPVD in the absence of abnormal arterial oxygenation are a distinct entity that warrants further study either as a precursor to HPS or as its own disease phenotype. Future studies to characterize the mechanism of IPVD in patients with liver disease and to determine whether IPVD in the absence of gas exchange abnormalities portend the emergence of HPS are warranted. Table 2 legend for expansion of abbreviations.
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